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Simulation of a method for forming a laser-cooled positron plasma
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We have simulated the trapping and cooling of moderated positrons in a Penning trap in which the positrons
lose energy through collisions with a simultaneously stored laser-cd@etl plasma. Once the positrons are
trapped, they cool through sympathetic cooling with 8fBe* plasma. After the positrons cool, their motion
parallel to the magnetic field reaches a state of thermal equilibrium witfiBleé ions and they rotate about
the trap axis at the same frequency as%Be" ions . Therefore, a centrifugal separation will occur, forcing the
positrons to coalesce into a cold column along the trap axis. A simulation which, in part, utilizes Monte Carlo
techniques, indicates a capture efficiency of as high as 0.3% for 300 K moderated positrons passing through a
%Be’ plasma with a density of $datoms cm® and a column length of 1 cm. This capture efficiency leads to
the positron capture rate 6f 1000 positrons per second, assuming a 100 mCi positron source afdotthe
efficiency for moderating positrons from the source. The resulting dense reservoirs of cold positrons may be
useful for antihydrogen production and for reaching a plasma state in which the mode dynamics must be
treated quantum mechanically.

PACS numbd(s): 32.80.Pj, 52.25.Wz

I. INTRODUCTION itron beam[27]. Demonstration of positron trapping in a
magnetic mirror by cyclotron-resonance heating has been re-
With advances in the use of positron moderators to procently demonstratef®8]. The largest number of trapped pos-
duce low-energy positron bearfis-12], and in the trapping itrons (~3x10°) has been reported by Surko and co-
of non-neutral plasmagl3,14), attention has been focused workers [4,18,29,30. These experiments employed
on trapping and cooling positrons in electromagnetic trapsollisional cooling of positrons with a room-temperature
[2-4,9-12,15-1] Cold positron reservoirs are useful for buffer gas of N to provide trapping and cooling. By remov-
positron-normal matter interaction studies, such as the studypg the buffer gas, the base pressure is reduced to
of resonances in low-energy positron annihilation on mol-3x 10 Torr, resulting in a positron lifetime of about one
ecules[4]. With sufficiently high trapping rates, cold posi- hour. With a 90 mCi positron source, a trapping rate of
trons can be released from electromagnetic traps to produ@x 10° positrons in 8 min and a trapping efficiency of mod-
cold beams of high brightness for a number of different ex-erated positrons greater than 25% were achieved.
periments[4,6,18. A dense gas of positrons at sufficiently  In this paper we explore the possibility of capturing and
low temperature also provides an example of a plasma witlsooling positrons in a Penning trap through collisions with a
quantized normal modd45,16,19. Finally, by passing cold simultaneously stored laser-cooled plasma °&e" ions.
antiprotons through a reservoir of cold positrons, one couldlow positrons become trapped through Coulomb collisions
form antihydrogen through three-body recombinati@®—  with the °Be" plasma. Once trapped, the positrons will then
22]. be sympathetically cooled by ti&e* plasma, which can be
Several groups have successfully trapped positrons ifaser-cooled to temperatures as low as 0.5[8K32. Sym-
electromagnetic traps. Schwinberg, Van Dyck, and Dehmelpathetic cooling refers to the cooling of one species through
used resistive cooling of the positrons in a Penning trap t@oulomb interactions or collisions with a second, directly
achieve trapping of small numb€i23]. Gabrielse, Haarsma, cooled specie$32,33. Since this technique employs high
and Abdullah have combined this method twid 3 mCi  vacuum, positron annihilation will be suppressed, permitting
source and a positron moderator to traf3x 10* positrons  long trap lifetimes.
at a rate exceeding i@er hour3]. More recently this group One of the simplest methods to study the transport of
has been able to trap more than® Jbsitrons in 17 hours positrons in a®Be" plasma is the Monte Carlo method. Un-
through a different method where apparently positronium irlike collisions between neutral atoms, Coulomb collision de-
a high Rydberg state created on the surface of the moderatfiections at large distances are important, with each of these
is field-ionized in the trap[24,25. Conti, Ghaffari, and ‘“distant collisions” producing a small scattering and veloc-
Steiger have also trapped positrons in a Penning trap by irity change. In Monte Carlo simulations one can treat the
jecting slow positrons into the trap while ramping the trapproblem of Coulomb collisions through the cumulative effect
electrostatic potentidll2,26. Mills has discussed accumu- of a large number of small angle scattering; we have used
lating positrons in a magnetic bottle to produce a slow posMonte Carlo simulations to calculate the scattering angle of
the moderated positron after each pass through°®e"
plasma. The simulations were based on the expression for
*Permanent address: MIT Lincoln Laboratory, Lexington, the probability distribution for scattering of a positron into an

MA 02420. angled after a large number of collisions, assumed to occur
TPermanent address: Institute of Physics, University of Belgradeas a positron passes through thge™ plasma[34,35. Re-
Belgrade, Yugoslavia. cently, Nanbu used a Monte Carlo method to derive a simple
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laser duced so that it will not leave the trap. In REL6], it was
assumed that if the positron were initially captured in this
way, it would lose enough energy through cyclotron radia-
« tion to be permanently trapped. However, this is true only for
a small fraction of positrons because typically, before the
positron can lose enough energy through cyclotron radiation,
its energy can be redistributed back by Coulomb collisions
along the trap axis and it will escajpé0]. In the work de-
scribed here, we now include this escape process and the
cooling effects of °Be* recoil, which initially provides a
more efficient cooling mechanism than cyclotron radiation.
In the Penning trap, the plasma rotates around the
B magnetic-field axis at a frequenay,. The technique of
“Doppler” laser cooling[31,41,42 reduces the temperature
FIG. 1. Schematic diagram of a cylindrical Penning trap and ofof the plasma to less than 10 mK. The Debye length of the
axial potentials.Vy, moderator potentialV,, grid voltage; 5E,, plasma can be expressedias= (kg Tep/Nyq?) Y% wherekg
positron axial kinetic energy above the grid voltayg; V., and s Boltzmann’s constant is the ion’s charge, ane, is the
Vec. potentials on other trap electrodes. permittivity of free space. At temperatures near 10 mK, the
Debye length is small compared to plasma dimensj@i$
analytical expression for the probability density function for In this limit, the density of°Be* ions can be expressed as a
a deflection angle after many Coulomb collisidi3§]. We  function of the °Be" cyclotron frequency(), the plasma
also have done a number of calculations using expressionstation frequencyw,, and the °Be’ massMg,, as ng
from Ref.[36] to calculate the scattering angles for positrons= 2 ¢,M gew, (Q — »,)/q? [14,19,3]. The maximum achiev-
after passing through the plasma and obtained good agreghle density is the Brillouin density, which occurs whep
ment between the two data sets. =0/2 and has been achieved in laser-cooled plasmas with
The basic method for capturing and cooling positrons usyp to a few hundred thousariBe' ions in magnetic fields
ing a °Be” plasma, outlined previously in Ref16], is dis-  up to 4.5 T[37,39. For °Be* ions confinedri a 6 Tmag-
cussed in Sec. II. In addition, we describe here some detailgetic field, this limit isno=210° cm™3. We will assume that
of a hypothetical experiment designed to trap positrons. IRhe magnetic field is uniform along the length of the trap.
Sec. Ill we have increased the scope of the discussion by Asillustrated in Fig. 1, high-energy positrons fronfa
including the effects on the capture efficiency caused by thgource are injected from the right into the trap, on the trap
energy distribution of moderated positrons, the finite size ofyis, through a cylindrical endcap. The positrons have a beta-
the pOSitron source, the radial electric field within thedecay endpoint energy of 545 keV’ and these high_energy
plasma, and’Be" recoil. The trap geometry, the plasma pa- positrons will not significantly affect the ions in the plasma
rameters, and the positron behavior described in Secs. Il ang discussion of the interactions between hot positrons and
Il are used in the modeling of positron trapping. The Monteplasma is contained in the Appendlidfter passing through
Carlo method used to calculate the efficiency of the proposeghe plasma, the positrons strike a room-temperature crystal
method[16] is described in Sec. IV. The results of the simu- moderator. The positrons will thermalize by interacting with
lations and a discussion of the results are presented in Seglectrons and phonons in the crystal. In this “reflection ge-
V. ometry,” a small fraction(up to 10 %) will avoid annihila-
tion in the crystal and emerge as a beam of slow positrons
Il. BASIC METHOD [1,5,43 which then enter th_e trajg4]. At the surface of the.
crystal the moderated positrons have an energy determined
The model assumes thitBe" ions are first trapped in a by the crystal temperature. In addition, they are accelerated
cylindrical Penning trap contained in a room-temperaturan the direction normal to the crystal surface by the work
vacuum enclosure with an axial magnetic field of 6 T. Figurefunction @ of the crystal[1]. For the method of trapping
1 illustrates the simple Penning trap design considered ipositrons discussed here, the narrow distribution of thermal-
modeling the capture of positrons. In this magnetic field, aenergy positrons at the surface of the crystal is important.
laser-cooled®Be™ plasma in thermal equilibrium can reach a Measurements show that positrons emitted from #1C1)
uniform densityn, of up to 13° atoms cm® [14,37. This  single-crystal moderator can have a narrow energy distribu-
high density can be reached by using torques due to a laséon whose width is reasonably consistent with thermal
beam[37] or due to a rotating electric-field perturbation broadening given by the temperature of the moderator crystal
[38,39 to control the plasma’s angular momentum. A low- [45]. In our calculations, for the purpose of the crystal work
energy positron traversing this plasma along the magnetidunction, we assume the use of a(Ciil) crystal moderator.
field direction will scatter off the/Be™ ions via the Coulomb After the positrons are emitted from the moderator crys-
interaction. The positron’s parallel momentufalong the tal, their axial kinetic energy is assumed to be further re-
magnetic-field directioncan thus be converted to perpen- duced by a conducting screen with good transmisstbe
dicular momentum. If sufficient momentum is converted, theretarding grid of Fig. 1, which has a potential a few tenths
positron’s momentum along the magnetic field can be reof a volt above the moderator potential. If the moderator and
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retarding grid potentials are equal, the axial energy of posi- . POSITRON TRAPPING
trons as they pass through the gridlig+EY', whereE! is

the axial component of the positron’s thermal energy at thqh
crystal surface. The positrons will then enter tABe"
plasma with relatively little kinetic energy. At these low en-
ergies (~few eV), positron annihilation on th&Be" ions is
made negligible by Coulomb repulsion. By adjusting the po-
tential of the rightmost cylindrical electrode, we can ensure
that the moderated positrons are reflected at the end of theare the subscript indicates the velocity directioni (
plasma farthest from the moderator and pass through the - - - is th it His the t i
plasma twice. During each pass, some of the axial energy cal X,¥,2), M is the positron mass, artis the temperature

be converted to perpendicular energy through Coulomb col° the crystal moderator. Positrons emitted from the modera-

lisions with the °Be* ions , thereby preventing them from tor are accelerated in the direction perpendicular to the mod-

escaping back through the retarding grid. Positrons that reSrator surface by the crystal work functidr,. As indicated
Fig. 1, the positron velocity is primarily along the

main trapped for many passes will lose enough energ)';1 T DS ) -
positrons that are not trapped are assumed to strike the moBerpendicular to that axis. Immediately outside the crystal
erator or grid and annihilate. the slow positrons will have an axial kinetic energy distribu-
Once the positrons are trapped within the laser-cooledi©n
°Be' plasma, they will be cooled through a combination of
sympathetic cooling througBe*-e* Coulomb collisions
and cyclotron radiation. After the positrons are cooled by th

Ipat ; + ;
B'(: pIas;‘n?, boihthposnrons% antBe |onsd \m” und.(:rgo effusion from the moderator surfafe,49 with the accelera-
uniform rotation at the same irequenay and the pOSIronS 4 4t the surface due to the work function. Equivalently, we

)[’\r']'".be forlclzed to the 3cinte|r o{;hel_ro_ttanpg pla?ma bec?use 0ian assume the positron axial velocity at the crystal surface
eir smaller mas§33,46. In the limit of zero temperature, fﬁ selected from the distribution

the edges of each plasma will be sharp, and the plasmas wi
separate, with the positrons forming a column of uniform
density along the trap axis. If théBe™ plasma density is
significantly below the Brillouin limit, the densities for con-

; + IRat i
fined plasmas oé" and "Be’ are expected to be approxi- ., pe adjusted so that the positrons have small excess axial

mately equal and the plasma separation quite SP&l¥E.  onergy (SE,) with respect to the grid. Before reaching the
This implies good thermal coupling and possible positron, sy, “the positrons will be accelerated by the plasma po-
axial temperatures less than 10 mK. The discussion ential, V,(r) = —noqr2/(4ep). [For simplicity, we have as-

;trqngly magnetized plgsma equilibria .by Glinsiyal.[47] g med that we adjust the moderator and electrode potentials
indicates that the positron plasma axial and cyclotron def0 make the plasma potential along the trap axigr =0)
grees of freedom will be strongly decoupleda 6 Tmag-  _

netic field. Therefore, cyclotron radiation may keep the pos-

itron cyclotron temperature in near-thermal equilibrium with
the trap electrodes. Here we assume the electrodes are ma
tained at room temperature, but the equilibrium Cy(?Ic’troncollisions are neglected. This approximation is valid as long
temperature COUld. be r_edu_ced, _for example, by cooling th%s the positron’s cyclotron rotation is less than one cycle
electrodesd 4 K with a liquid helium bath or to lower tem- during the time of a collisiof47]. The number of cyclotron

pergture W'trt] a dllutl_on retfrlliqe(rjattor.t th ft rbits during a collision can be definedas .7, where() .
ne way 1o experimentally detect (n€ presence ot rappefg , positron cyclotron frequency ands the binary colli-

positrons could be bX imaging the near-resonant 313 "Mion time. Therefore, we consider collisions whete: 1
fluorescence of théBe' plasma and looking for the absence . . ) L —
[47]. For example, the minimum collision time is=b/v,

of °Be" ions in the center of the plasnja6]. Other ions
with charge-to-mass ratios higher thdBe*, such as*He", whereb=q%/2me;m.v? is the collisional distance of closest
H:, and °Be?*, will also be trapped in the center of the @pproach. For an energy of 0.1 e¥=1.9x10" cm s %,
plasma. These ions will not fluoresce at 313 nm and willmaking b=1.4x10"°% cm. At 6 T, Q,~=1.1x102 s71,
therefore mimic the positron signature on the imaging tubeyielding «=0.08.

We anticipate that these ions could be distinguished from the We calculate the initial capture of positrons after one pass
positrons through their resonant response to radiation appliday using the distribution for multiple small-angle Coulomb
at the cyclotron frequency. The size of the “hole” in the scattering[34,35. (The cross section for multiple small-
°Be" plasma will yield an estimate of the number of trappedangle Coulomb scattering is typically larger than the cross
positrons. With the imaging technique we estimate we carsection for a single large-angle scatter{i%].) Below, we
detect the presence of a single “string” of a few tens ofdefine a “pass” through the plasma as a pass back and forth
positrons trapped on the axis within tiBe" plasma[48]. (or from left to right and back in Fig.)lending with the

Positrons within the Qd11) moderator crystal rapidly
ermalize to a Boltzmann velocity distributidd]. Within
the crystal, the positron velocity distributid®(v;) will con-
form to

P(vi)oce_mevi2/2kBT' (1)

P(E,)dE,xe Ez-®o’keTdE, (2)

or E,=®d,. This distribution combines the probability of

2
P(v,)xv e Mevz2el, )

and then accelerated by the potentlg). The grid potential

We have modeled the initial collisions of the moderated
ositrons with the’Be" ions in the weakly magnetized ap-
E}'oximation where the effects of the magnetic field on the
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positron traveling towards the moderator crystal. As seen ipected to be higher than for tleg -°Be* collisions because
Fig. 1, the positron can only leak out of the trap the way itof the larger energy loss due to positron recoil. This en-

entered. hanced recoil cooling is not taken into account here.
The angular distribution for multiple small-angle Cou-
lomb scattering can be simulated by calculating an energy- IV. SIMULATION
dependent rms scattering angJé6?) according to the Ru-
therford scattering formula such tha0] The Monte Carlo simulation proceeds as follows. For
each positron, an initial radial coordinate is chosen according
nolg* Bmax to a flat distribution over the active area of the source. The
(0%)=-——>=In b ) (4)  initial velocities out of the moderator in theandy direc-
2 €qMev min tions are chosen using velocity distribution functidh&;)

of Eqg. (1). The z component of the positron velocity was
obtained using a modified Boltzmann distributidag. (3)].
CE'quivaIentIy, the velocity, at the surface of the crystal is
determined from the equatian= vy — In(1—R,) 2, where

Herel represents twice the plasma length, dnpd, andb,
are the maximum and minimum impact parameters, respe
tively. We useb,o,=v/€);, where(), is the positron cyclo-

tron frequency and is the magnitude of the positron veloc- R, is a random number between 0 and 1. Herg

ity. The quantityb,,,, is the maximum impact parameter for .
. . L = /2kT/m, whereT is the temperature of the crystal. We use
which we can use the weakly magnetized approximation. IEth: mu2/2 to denote the axigl Kinetic energyyAt the mod-
- .

is derived by setting the parameter=1. For the parameters —2 . : : .
used in the above discussion @f b,,,,=0.17 wm, which is erator surface the positron is further accelerated in the axial

more than an order of magnitude smaller than the mean io irection by the sur.face work functi(_)n. We have used the
. 90 4+ — .. u(111) work function ®;,=0.4 eV in the Monte Carlo
spacing in the’Be™ plasma. We usé,,,=b/2 to limit the

' Il angleiS0]. The probability of multiple > aton.
scattering to small anglg0]. The probability of multiple O ustrates the electical potental experienced by
scattering in one pass through an anglean then be ap-

proximated by a Gaussian distribution in  solid anglethe positrons as they travel from the moderator, held at
; ; H Ipat
(34,3551 through the grid at potentialy, and into the®Be™ plasma.

The moderated positrons with an axial energy above the re-
P tarding grid potential SE,[ = q(Vo— V) + o+ EF], follow
P4(0)dQesin( g)exp< _ _2) dodé. (5) the_magneuc_:—ﬁeld I|r}es and accelerate into the plasma. T.helr
0 radial coordinater with respect to the trap symmetry axis
does not change until they undergo a large number of colli-
This distribution is valid for multiple angle scatterings where sions inside the plasma, since their cyclotron radius is less
each is less than 1435]. than 104 cm. At low temperature, the electric potential in-
The capture of positrons within théBe* plasma is di- side the plasma is approximately independent of the axial
vided into two processes. The first process is based on Cogoordinate, and is given by, (r) = —noqr?/(4ep).
lomb collisions and traps the positrons temporarily. After a Coulomb scattering caused by one pass through the
single pass a positron can be trapped if the amount of axigllasma is described by two anglek, the magnitude of the
energy converted into perpendicular or cyclotron energy isieflection angle, andb., the orientation of the scattering
greater than the excess axial kinetic energy of the positroraround the deflection cone. The scattering arfglevas cal-
Because of the difference in the positron atie” masses, culated assuming the distribution given by E8). This as-
positrons will actually lose very little energy by passing oncesumption leads to an expression for the scattering afgle
through the plasma. If initially trapped, the positron will con- — (%) [—In(Ry], Where(62> is the rms scattering angle
tinue to make passes through the plasma until it either egiven by Eq.(4). Since the positron has no preferred azi-
capes the trap or becomes permanently trapped. To escapfithal orientationgs was obtained at the end of the pass
the trap, a positron which is “initially captured” needs {0 from a uniform distribution R,. Here R, and R,, are
convert its perpendicular energy back to axial energy. random numbers between 0 and 1. At the end of each pass,
The second process permanently traps the positrons Qye new values of the,, vy, v, were calculated frond,
depl_eting their_exces; energy primarily _throu%e* recoil_ ¢, and the change of enerfizq. (6)]. A test was then made
cooling. A positron with energ¥ scattering off the ions in -t determine if the positron was permanently trapped. If this

the plasma through an angbewill lose an energy is not the case, the positron will either make another pass or
is lost. By repeating these “runs,” we determine the percent-
AE=4E Me )sinz( 012) () age of moderated positrons trapped within _the plasma. Typi-
Mge cally, the Monte Carlo runs had 8L0° positrons.

to °Be’ recoil. Because of the large mass difference be-
tween a®Be’ ion and a positron, a positron will have to
make many transits through the plasma in order to lose its Results for the efficiency of trapping positrons ifBe*
excess energy. But once sufficient positrons are trappegblasma for particular conditions are shown in Fig. 2. In this
other positrons can lose axial energy throwghe™ colli- case the plasma radius was 0.1 mm, and the density was
sions. The trapping efficiency under these collisions is ex40° cm 3. We chose the moderator potential to bg

V. RESULTS AND DISCUSSION
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FIG. 2. Fraction of moderated positrons entering the {iafe- FIG. 3. Same as in Fig. 2 but for a moderator temperature of

gral EDP along with the fraction of temporarily and permanently 100 K.

captured positrons as a function of the retarding grid voltage for

Vp=3 V. The crystal work function was 0.4 eV and the tempera-show that the efficiency for permanent trapping has a maxi-
ture was 300 K. The’Be' plasma parameters were as follows: mum of ~0.45% whenV, is at about 4 V. While we do not
densityno=10" cm~?, lengthl=1 cm, and radiuso=0.1 mm.  have a detailed understanding of the location of this maxi-
Squares, integral energy distribution of positrons; circles, permamym, we can describe some effects which could produce it.

nently trapped; triangles, temporarily trapped. Once temporarily trapped, a positron will leave the plasma if
it enters the loss coné, about thez axis defined by sirg)
=3 V, while the grid potentiaMy was varied around/, = 0E+/E+, whereE is the total positron kinetic energy in

+®,=3.4 V. The percentage of temporarily trappéd- the plasma an@dE- is the excess kinetic energy the positron
angles and permanently trappédircles positrons is plotted must lose to be trapped. A positron with a larger kinetic
as a function oVy. Also shown(squarepis the fraction of  energy and the same excess energy has a smaller loss cone,
positrons entering the trap vs the retarding grid potentialwhich tends to increase the efficiency of trapping positrons
This curve is the integral distribution of the axial componentwith increasing energy. However, the energy loss per pass of
of kinetic energyE,. For the results of Fig. 2, the tempera- a positron decreases with energy. This increases the number
ture of the crystal was taken to be 300 K. The maximumof passes required to permanently trap a positsee discus-
efficiency for positron trapping occurs &;=3.4 V and sions below, and will tend to decrease the trapping effi-
was ~0.4% for permanent and 24% for temporary trappingciency with increasing energy.
only. The results of the trapping efficiencies for the crystal
cooled to 100 K are shown in Fig. 3. The width of the energy —_—
distribution is reduced by a factor of 3. Such thermal narrow- 1994 o—o—
ing has been confirmed in experimefit$ The efficiency for
permanent trapping increases t02.5%. Figures 2 and 3
indicate, as mentioned previously, that the energy spread o~ 7 4
the moderated positrons is important for the trapping methoc,? 1
simulated here. Experimental studies have reported nearZ eo-
thermal energy spreads for metal, single-crystal moderator:,
[7,45]. In practice this condition may not be straightforward g
to obtain. Figure 4 shows the trapping efficiency for an en-
ergy spread of the moderated positrons correspondin to
=2000 K. The factor of 7 increase in the positron energy  20-
spread of Fig. 4 over Fig. 2 has resulted in a factor of 40
decrease in the efficiency for permanently trapping positrons
In Fig. 5 we show the fraction of captured positrons for
different bias potentialy/, of the moderator while holding 335 340 345 350 355 360  3.65
the crystal temperatur@00 K) and plasma parameteien-
sity, length, and radiysconstant. For each value &f; in
Fig. 5, the grid voltage was set to the valig=V, FIG. 4. Same as in Fig. 2 but for a moderator temperature of
+0.4 V which maximizes the trapping efficiency. The data2000 K.

Moderator T: 2000 K|
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—A— temporary
—O— integral EDF

S 40+
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o
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FIG. 5. Capture percentage of permanently trapjeadles and
temporarily trappedtriangles positrons as a function of,. The
moderator work function was 0.4 eV and grid potential was alway
Vs=Vy+0.4. (Ng=10° cm 3, I1=1 cm, andry=0.1 mm)

FIG. 7. Capture percentage of permanently trapjeadles and
temporarily trapped(triangle$ positrons as a function ofBe*
Splasma)density 6=0.1 mm, I=1 cm, Vo=4 V, and V,
=4.4 V).

Shown in Figs. 6 and 7 are the variations in efficienciesreason that it decreases with increasing moderator potential
for trapping positrons as th¥#Be™ plasma length and density v, for V,>4 V (see Fig. 5. At larger radii, the positrons
were changed. The percentage of temporarily trapped posjyill have correspondingly larger energies entering the
trons is increasing as a square root of both length and deryiasma. Throughout this manuscript we assume that the
sity. The probability for temporarily trapping positrons de- source radius is equal to the plasma radius.
pends on the final scattering angte which in turn is The number of round trips in the plasma before the posi-
proportional toyn. The percentage of permanently trappedtron either exits back through the grid or is permanently
positrons is increasing linearly withandl, possibly because trapped varies with the positron excess energy, valuds,of
the energy loss for permanent trapp(iig. (6)] varies as the and V,, and the plasma radius. The histogram in Fig. 9
square of the rms scattering angle. shows the fraction of trapped positrons vs the number of

The efficiency for trapping positrons decreases with in-passes the positrons made through ¥Be"™ plasma before
creasing plasma radius, as shown in Fig. 8, for the same
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FIG. 8. Capture percentage of permanently trapjgedles and
FIG. 6. Capture percentage of permanently trappédles and  temporarily trappedtriangles positrons as a function of the radius
temporarily trapped(riangle$ positrons as a function ofBe®  of the °Be' plasma (,=10'° cm 3, I=1 cm, V,=4 V, and

plasma length rfo=10'° cm 3, r;=0.1 mm, Vy,=4 V, and Vg Vg=4.4 V). We assume the positron source radius equals the
=4.4 V). plasma radius.
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30 these trapping efficiencies further by going to larger mag-
a) netic fields.

We note that other electrode geometries can replace the
transparent retarding grid. Any geometry which provides a
potential hill between the moderator and thBe* plasma
can mimic the effects of the retarding grid. In an experiment,
a geometry other than a grid is desirable because azimuthal
asymmetries in the retarding grid potential near the plasma
might limit the ultimate®Be* plasma density14,37.

In this manuscript we assume that tABe* ions recoil
from positron impact as if they were free particles. In fact,
b) laser-cooled ion plasmas are often strongly coupled and ex-
hibit liquidlike or solidlike behavior where an ion is bound in
a local potential well. However, because the collision time of
the weakly magnetized collisions considered here is fast
compared to the period of any of the ion’s plasma-mode
frequencies, in considering their recoil we may treat the
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: l_l %Be" ions as if they were free particles.
0 L L ! L [ ] In addition to the importance of achieving a relatively
0 2 0 8 8 100 20 low-temperature thermal energy spread of the moderated
10° passes positrons, perhaps the largest uncertainty in an experiment

designed along these lines is the ability to produce high-
FIG. 9. Histogram showing the fraction of permanently trappeddensity, laser-cooled®Be” plasmas of sufficient length.
positrons vs the number of passes the positrons made through thghile large-number plasmas=(10° ions [52]) and high-

°Be" plasma before being trapped, fong=10' cm™%, | density plasmasn(=10'" cm~3[37]) have been achieved in
=1 cm,r,=0.1 mm, andT=300 K.(a) Vo=4 V, Vg=4.4 V;  Ppenning traps, the combination of these two parameters has
(b) Vo=10 V, Vg=10.4 V. not yet been experimentally realized. In recent experiments

we have been able to reach the Brillouin limit with10P
being permanently trapped. The results are shown for #@nsina4.5T ad 6 T magnetic field39,53. It may also be
plasma radius of 0.1 mm and for two moderator potentialsPossible to “stack” a series of shorter plasmas in separate
Vo=3 V (V4=3.4 V) [Fig. 9a)] and V=10 V (V, traps along the magnetic field, thereby maintaining high den-
=10.4 V)[Fig. 9b)]. Although the positrons have the same sity anq increasing the_ effecyve column Ie_ngth. However,
excess energy as they pass the grid in Figa) &nd 9b), even with a modestly sized single plasma, it should be pos-

they spend different times in the trap before being capture&ible to trap a suffi_cient nu_mber of positrons to evaluate the
because they enter the plasma with different kinetic energiegffectlveness of this technique.
Similar increases in the number of passes were obtained

when the plasma radius was increased to 0.5 mm. The ACKNOWLEDGMENTS
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of the simulation by including an estimate of both the source
and the moderator efficiencies. A 100 mCi source will iso-
tropically produce positrons at a rate 0k30° s %. Only a

fraction of the emitted pOSitronS will reach the moderator It is important to discuss interactions between the ener-

crystal. We expect the positron flux at the Cu crystal to begetic positrons from thé?Na source and the coleBe'/e*
~4x10° s [24]. Assuming a moderator efficiency of plasma. Here, we examirBe" loss due to positron impact
10 2 and the trapping efficiency of 0.3%, we get a trappingionization, plasma heating caused by the positron beam, and
rate of about 1300 positrons per second. the loss of trapped positrons due to interactions with back-
Using the method outlined in this paper, it should be pos-ground gas. For simplicity we assume a 200 keV monoener-
sible to achieve a low-temperature, high-density positrorgetic positron beantthe peak energy of th&Na beta-decay
plasma. In a magnetized, uncorrelated plasma, the antihydralistribution from an isotropic 2 mCi source and ¥Be"
gen recombination rate should scaler®g %2 [20]. In a  plasma of 1 cm length, wita 1 mmdiameter and a density
correlated plasméplasma exhibiting liquidlike and solidlike of 10'° ions cm 3 (~8x 10" ions).
behavioy, this dependence will likely be modified. Further-  The probability of an individual scattering event between
more, a pressure of 3108 Pa (10 *° torr) may provide a positron and &Be" ion can be expressed &=ngyol’,
positron lifetimes longer than 5 daysee the Appendix  whereng is the ion number densityy is the event cross
Since the Brillouin limit to the plasma density increases assection, andl’ is the effective path length through the
the square of the magnetic field, it is possible to increas@lasma. Since positrons are emitted from the source isotro-

APPENDIX
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pically, many will have initial velocities perpendicular to the _ /2 do

magnetic-field direction. These positrons will spiral along Ep=2mn NUJ E(0)44Sin0do, (A3)

the magnetic-field lines. Spiraling through the plasma will fm

increase the path length of these particular ions through th@heren is the density of positrons in the beam,is their
plasma. We can eliminate the positrons with the largest efvelocity, N is the number of positrons in the plasma, ahg
fective path lengths by electrically retarding the positronis the minimum scattering angle for which the weakly mag-
beam from the?’Na source. By placing a potential hill of netized approximation is valif47]. This corresponds to an
1400 V between the source and the plasma, we can prohibitnpact parameter approximately equal to the positron beam
the positrons with the longest path lengths from making it toragius. In this limit, we estimate a heating rateE§=4.1

the plasma. Eliminating only-9% of the positrons in this 1078 ev/s for each positron in the plasma. If we assume a
manner, we reduce the average path length through theositron column plasma 1 mm in diameter and 1 cm in
plasma to 2.4 The calculations below fofBe* heating and length containing & 107 positrons, the plasma heating rate

loss assume this effective path length. will be 3.3 eV/s.
Since the heating rate scales BsY?, whereE; is the
1. °Be™* loss energy of incident positrons, the heating from moderated

. . positrons incident on the plasma is significantly higher than

: 1_'he enegrge+t|c positrons from ttféNa source can d_ouply that from the unmoderated ones. Taking into account the

|€§)n|z$ thg Be plasma through electron impact |on|za}t|on. moderator efficiency, the overall heating from these posi-
Be? " will remain trapped but can be only sympathetically trons is comparable to that of the unmoderated ones.

cooled,; its presence can decrease the cooling capacity of the It ¢ this heati ‘E1o the rat
ion plasma by reducing the number of laser-cooled ions. The, 't IS N€cessary 1o compare this heating rate{q the rate

cross section for second ionization of Bénrough 200 key &t Which energy is removed from the plasma through laser
electron impact is approximate[{4] cooling. We assume a 313 nm laser beam directed perpen-

dicularly to the magnetic field with a 2m waist perpen-
o(Be'+e” —Be*"+2e )=3.1x10 ¥ cn?. (A1) dicular to the magnetic axis and 250m along the axis,
centered on the ion plasma. The laser intensity is adjusted to
ive a resonant scatter rate of 10 MHz for an ion at the center
f the beam. We assume®8e"’ cloud of 1 cm in length and
mm in diameter rotating ab,=2m(5 MHz). Laser cool-
ing is most efficient using a laser beam propagating along the
trap z axis because the Doppler shift associated with the
plasma rotation is absent. Experimentally, this would be dif-
ficult to realize in the apparatus described here because the
positron source and moderator also lie on thaxis. We
Rpe2+=2.4IhyoRer~11 2. (A2)  estimate the laser-cooling rate using Efj7) of Ref. [28].
We find that for a laser detuning of 20 MHz and®Be*

At this rate, 7% of the initial & 107 °Be" ions would be ~ Plasma temperature of 1 K&, ~—1000 eV/s. SincgE,]|

lost in about 6 days. >|Ey|, the plasma heating from positron impact should not
Another mode of°Be" loss is through high-energy posi- significantly affect the plasma equilibrium.

tron annihilation on the’Be™ ions. The cross section for

positrons with 200 keV of kinetic energy to annihilate on 3. Positron loss

ZBei is approximately %10 cn? [56]. Thus loss of We can estimate the rate at which trapped positrons are
2239 through this mechanism caused by positrons from th§ost due to background collisions by scaling the results of
Na source is negligible. Murphy and Surkd29]. In their experiment, positrons were

trapped and cooled through collisions with a room-

temperature background gas of nitrod@9]. The trap life-

) ) ) time was limited to 40 s because of annihilation and positro-
High-energy positrons passing throughacold@e?&e* _ nium formation on the 1.810°% Pa (10° torr) N,

plasma can heat the plasma via Coulomb collisions. Sincgackground. Background gas pressures in room-temperature

our plasma is simultaneously laser cooled, it is necessary th"rﬂenning traps approach X308 Pa (10 torr). If we

the rate of laser cooling be larger than that of the positrorygsme that the cross sections for annihilation on other back-

heating. To estimate the heating rate, we perform a calculaground gases are similar to that of £67], our trap lifetime

tion of nonrelativistic scattering. Since the heating fromgphouid approach 5 days, long enough to accumulate a sig-

positron-positron  collisions dominates over collisions be-jificant number of positrons.

tween positron an@Be*_ , we estimate the heating rate due o \ye have also estimated the number of positrons ejected

trapped positron recoil. A high-energy positron scatteringrom the trap due to large-angle scattering by positrons from

through an angle ¢ will impart an energy E(6)  the positron source and the moderator. The Rutherford-

= (1/2)mev? sinf(6) to the trapped positron. We can estimate scattering cross section for these collisions is quite small and

the rate of plasma heatirigy by integrating, the trap loss rate is lower than that of background collisions.

We assume the electron-impact and positron-impact ionizad
tion cross sections are approximately equal for positrons oi
this high energy55]. Using this cross section and a total flux
of positronsR,+ of 1.3x10" s™%, the number density of
°Be’ ions ny, and the average path length through the
plasma 2.4, we can estimate the loss rate We" ions as

2. °Be™ plasma heating
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